Alaska were separated into source components using a mixing model and by recession analysis. In non-Arctic regions, storm flow is commonly dominated by old water, that is, water that existed in the basin before the storm. We suspected that this may not be true in Arctic regions where permafrost diminishes subsurface storage capacity. Streamflow during the snowmelt period was nearly all new water. However, all summer storms were dominated by old water. Storms in a neighboring basin were dominated by new water but much less than was the snowmelt event. Thus a large increase in old water contributions occurred following the snowmelt period. This increase continued moderately through the summer in 1994 but not in 1995. We credit the seasonal changes in old water contributions to increased subsurface storage capacity due to thawing of the active layer.
Introduction
Permafrost is a ubiquitous presence in the Arctic that influences nearly all physical and biological ecosystem processes. Several studies have shown that permafrost has significant hydrological consequences which result primarily from the minimal subsurface storage capacity due to frozen ground [Hinzman et al., 1993; Dingman, 1970; McNamara et al., 1997; Roulet and Woo, 1988; Woo and Steer, 1983] . This is of particular concern to the NSF Land-Air-Ice-Interaction (LAII) Arctic Flux Study operating in the Kuparuk River basin in northern Alaska. The goal of the Arctic Flux Study is to estimate the regional fluxes of mass and energy in the Kuparuk River basin between the land, the atmosphere, and the Arctic Ocean [Weller et al., 1995] . This requires a comprehensive understanding of the mechanisms and pathways by which water travels through the system. Hence we investigated the composition of storm flow in the Kuparuk River basin by asking the following questions: Is storm flow primarily composed of precipitation, called new water, or subsurface water previously existing in the basin, called old water, and what influence does permafrost have on storm flow composition? An understanding of both the partitioning of hydrographs and the mechanisms responsible for the partitioning is a prerequisite to understanding the relationships that exist between terrestrial and aquatic systems.
Several case studies in various nonpermafrost regions have shown that old water typically dominates storm hydrographs, including snowmelt events [Buttle and Sami, 1992 shown that certain hydrologic processes undergo coincident changes with the thawing active layer. Hinzman et al. [1991] showed that the portion of the soil profile that contributes to hillslope runoff increases through the summer. Further, McNamara et al. [1997] suggested that runoff/precipitation ratios may decrease as the active layer thickness increases. Thus we suspected that the systematic increase in active layer thickness would produce consequent changes in storm hydrograph compositions through the summer.
The specific objectives of this paper are (1) determine the proportions of old and new water in storm flow in the Kuparuk River basin during 1994 and 1995, (2) investigate the potential influences, particularly of permafrost, on storm flow composition. Storm flow compositions were determined from hydrogrhph separations using mixing model and graphical techniques. The influences on storm flow composition were investigated by constructing correlation matrices with variables including old water composition, precipitation characteristics, total flow, and storm date as a surrogate for active layer thickness. Runoff generating mechanisms were qualitatively evaluated using a technique developed by Eshleman et al. [1993] This study focused on the Upper Kuparuk River, a headwater basin which drains 142 km 2 in the northern foothills of the Brooks Range. The slopes in the basin are covered with till from two glacial advances, Sagavanirktok and Itkillik, from the middle and late Pleistocene [Hamilton, 1986] . At the intersection with the Dalton highway the Upper Kuparuk River is a fourth order stream on a U.S. Geological Survey (USGS) 1:63360 map. However, the hillslopes and tributary valleys contain a complex network of small streams that do not appear on maps at that scale. Two dominant streams join together at the base of steep hills in the upper basin forming the main channel which occupies a north-northwest trending valley. The main basin length is 16 km, with a channel length of 25 km. Vegetation in the basin consists of alpine communities at higher elevations and moist tundra communities, predominantly tussock sedge tundra, at lower elevations. Patches of dwarf willows and birches up to 1 m in height occupy portions of the banks. The average elevation of the basin is 967 m.
Imnavait Creek (2.2 km 2) is a small beaded stream occupying a north-northwest trending glacial valley which was formed during the Sagavanirktok glaciation (middle Pleistocene) [Hamilton, 1986] . The dominant vegetation in the Imnavait basin is tussock sedge tundra covering the hillslopes [Walker et al., 1989 ]. An organic layer typically near 10 cm thick, but up to 50 cm thick in the valley bottom, overlies glacial till, where the soil rarely thaws deeper than the extent of the organic peat The natural tracer technique requires that the tracer signatures be conservative; that is, they do not change through a storm, or the changes can be corrected for. The signatures of old and new water must also be distinct. Specific conductivity is not entirely conservative because rain water dissolves solutes as it passes through the soil. However, we believe our technique, described below, corrected for changes in specific conductivity due to soil contact.
Definition of End Members
Given the potential for spatial heterogeneity of soil water chemistry, it is difficult to obtain an accurate chemical signature of the old water component. For this reason a common method for estimating the old water component is to assume that the stream water during the low flow periods between storms represents an integrated sample of the old water in the basin. A continuous record of specific conductivity during low flow periods then provides a simple estimation of the old water component. However, Figure 2 shows that the specific conductivity of the Upper Kuparuk River during low flow periods increased through the season so that poststorm values were typically higher than prestorm values. We used linear interpolation between the prestorm specific conductivity and the poststorm specific conductivity to estimate the instantaneous old water signatures during a storm [Hooper and Shoemaker, 1986] . In cases where the poststorm conductivity was lower than the prestorm conductivity due to dilution from the next storm we used a constant conductivity through the storm equal to the prestorm conductivity for the old water signature. For the •80 old water signature on storm 7 we used a constant value through the storm equal to the stream •80 content immediately prior to the storm.
The new water specific conductivity was more difficult to estimate. Typically, the signature of precipitation for the event is used as the new water end-member. However, Pilgrim et al. [1979] showed that the specific conductivity of dilute water changes with soil contact time and is not a reliable endmember. They developed laboratory relationships for the changes in specific conductivity and found that the conductivity changed dramatically during the early stages, then approached equilibrium and increased more slowly. They then used these relationships to correct for the changing new water signature, successfully separating storm hydrographs using corrected specific conductivity.
We estimated the new water signature by measuring the Streamflow was monitored at the Upper Kuparuk River basin and Imnavait Creek outlets using stilling wells with Stevens F-1 water level recorders mounted with variable resistance potentiometers to obtain digital data. Campbell Scientific CR10 data loggers recorded stream stage every minute and averaged over hourly increments. An H-type flume was used at Imnavait Creek to aid discharge measurements. Discharge measurements were made following USGS standards at several different stages to produce rating curves from which continuous records of discharge were calculated. Two complete meteorological stations recorded precipitation, wind speed and direction, air temperature, relative humidity, and various radiation terms. Hydrographs were produced for both basins from the initiation of snowmelt in early May to just prior to freeze-up in mid-September. To monitor active layer thickness, thaw depths on a ridge top and on the west facing slope in the Imnavait Creek basin were estimated by tracking the 0 ø isotherm using thermistors at various depths between 0 hnd 150 cm.
Specific conductivity was logged hourly at the Upper Kuparuk River, Imnavait Creek, and the water track using Campbell Scientific conductivity probes. Water samples for oxygen isotope analysis were collected every 3 hours during several storms using an Isco automatic sampler and by hand during snowmelt and between storms in the summer. Snowpack meltwater was collected by digging a snow pit and inserting a high-density polyethylene tray at the base of the snowpack before the initiation of melt. The pit was then covered with foam board to reduce melting of the pit wall. All of the meltwater in the tray at the end of each day was collected using a plastic syringe. Water samples for oxygen isotope analysis were collected with no head space in glass scintillation vials and stored in a cool, dark room until they were analyzed. Isotopic analysis of rain was completed only on samples collected for storms in August 1994. Only bulk precipitation samples were collected through the storms. Consequently, we are unable to address the isotopic variability of rain. Oxygen isotope measurement was performed at the University of Alaska Fairbanks Water and Environmental Research Center by extracting CO2 from the water samples using a vacuum extraction line, then analyzing the gas for •80 content on a VG Isogas series 2 mass spectrometer. Table 2 shows that no such correlation existed in the Kuparuk River basin at the 5% significance level (a = 0.05). Table 1 contains the supporting precipitation data. Other potential influences on old water contribution include total runoff, total rainfall, rainfall duration, and active layer depth. We used storm date as a surrogate for depth of thaw to test for seasonal trends as a result of active layer thawing. Table 2 shows that the only significant correlation to old water contribution was storm date in 1994. There were no significant cor- and 13%, respectively.
Results

Snowmelt
We were unable to perform accurate hydrograph separations during snowmelt due to the difficulties in obtaining representative end-member samples. However, the trends in The patterns in conductivity during the snowmelt period for the water track and the Upper Kuparuk River (Figure 2) confirm the above results. The high conductivity at the onset of snowmelt runoff results from solute exclusion in the snowpack. Ions migrate to the points of snowflake crystals during the freezing process. Initial meltwaters flush these ions and result in meltwater concentrations much higher than the bulk snowpack. The remaining snowpack is depleted of ions, and further meltwater therefore has low conductivity. After this process occurred early in the snowmelt period, the water track and the Upper Kuparuk River had nearly equal conductivities, which were similar to the conductivity of snowpack meltwater collected before it had contact with the soil. This further suggests that streamflow during the snowmelt period was almost entirely due to melting snow with little contributions from sub- composition from the snowmelt period to the earliest summer storms. This change can be credited to active layer thickness. Immediately following snowmelt, storage capacity of the soil is restricted to a thin layer in the surface organic soils. The fastest rate of increase in active layer thickness occurs early in the summer. Thus, soon after snowmelt, rainfall is able to infiltrate the mineral soils, which was not possible during snowmelt, and displace old water into the streams. The basin storage capacity and the potential old water reservoir continue to increase as the active layer increases through the summer. In the summer of 1994 a high correlation between storm date and old water confirmed that old water contributions increased through the summer (Table 2) table rises above the surface, effectively initiating a simultaneous response over the whole wetland area. This is a threshold response of runoff initiation, and it suggests that total precipitation combined with basin storage capacity should be more significant than precipitation intensity in determining hillslope response to precipitation events. Basin storage capacity is dictated by the active layer thickness and soil moisture conditions. Thus the depth of active layer thaw, in conjunction with precipitation patterns, influences old water contributions to stormflow. Hinzman et al.
[1991] showed that the soil moisture in the surface organic soil layer in Imnavait Creek is highly sensitive to recent precipitation patterns, while the soil moisture in the underlying mineral soil remains fairly constant. Therefore the influence of active layer depth on basin storage capacity is diminished once the thaw depth reaches the mineral soil. Thus, in the period immediately following snowmelt, increases in active layer thickness have dramatic influences on storm flow compositions. However, later in the summer, any influence of the active layer can be easily masked by soil moisture conditions as dictated by precipitation patterns. New water contributing portion (NWCP) results showed similar patterns to old water contribution with a seasonal trend in 1994 (Figure 7b) but not in 1995. NWCP may be influenced by changes in the active layer thickness in the same manner as is old water contribution. However, a more significant result of the NWCP calculations is the difference between permafrost and nonpermafrost basins. Eshleman et al. [1993] reported NWCP values between 0. i and 3% for the Reedy Creek watershed in the Virginia coastal plain which has a humid subtropical climate. Although these values range by a factor of 30, they are considerably lower than those we report from the Upper Kuparuk River (Table 1) A good agreement between NWCP and the extended channel network was also found by Eshleman et al. [1993] in Reedy Creek, where runoff generation is dominated by saturation overland flow. Perhaps then a common mechanism of runoff generation exists among watersheds in these different regions, despite radically different hydroclimatological conditions. The commonly accepted groundwater ridging hypothesis proposed by Sklash and Farvoiden [1979] states that old water originates in narrow margins around the streams. In the Kuparuk River basin the water tracks are ephemeral streams that exist as zones of enhanced soil moisture during dry periods. It is likely then that old water contributions come directly from moisture existing in the water tracks that are replenished during storms. We have suggested that the unchanneled hillslopes are not significant components of new water runoff, and it is likely that they are not significant as old water sources as well. We must clarify our above explanations relating hillslope thaw depth to storm flow response by stating that those processes described are occurring within the hillslope water tracks as well. It is impørtant to note that water tracks are distinct geomorphølogic features of drainage basins in the Arctic, not simply zones of preferential saturation during storms. Essentially, water tracks function as both hillslopes and channels. Early in the season, the thaw depths in both the unchanneled hillslopes and the water tracks are near zero. In the following summer months the water tracks thaw deeper than the adjacent tundra regions. Hence the old water reservoir per unit of surface area is greater in the water tracks, thereby enhancing the relationships between thaw depth and runoff described above, and lending further support to our statement that old water storm contributions come primarily from water existing in the water tracks and saturated valley bottoms.
The distinct differences in specific conductivity between Imnavait Creek and the Upper Kuparuk River suggests that there is a source of solutes present in the Kuparuk basin that is not present in Imnavait Creek. The specific conductivity of Imnavait Creek is rarely greater than local precipitation, suggesting that there is no significant interaction with underlying mineral soil and that the old water source exists in the organic soil horizon. A spring located in the Kuparuk River headwaters 8 kilometers upstream of our gauging station was sampled periodically through the summer, and the specific conductivities closely followed the low flow stream concentrations. Kreit et al. [1992] New water contributing portion (NWCP) was much greater in the Upper Kuparuk River basin than in the basin without permafrost studied by Eshleman et al. [1993] , which suggests that more interaction occurs between the surface and subsurface in basins without permafrost. Further, NWCP decreased through the summer of 1994, which agrees with the increase in old water contributions. As the storage capacity of the basin increases through the thawing season, more new water enters the soil, as opposed to going directly to runoff, and mixes with old water to produce runoff.
We credit both new water and old water sources to hillslope water tracks and suggest that very little interaction occurs between unchanneled hillslopes and streams. The small amount of interaction between the two zones is diminished even more with the increasing storage capacity in the unchanneled hillslopes as the •a•on p•ogresses. That •to•m flow composition has even moderate dependence on active layer thickness has implications that a warming climate may impose significant changes in the hydrolog3, of watersheds in the Arctic, which may then influence the timing and magnitude of the delivery of nutrients to the aquatic system.
